Radiation damage to first wall materials during CTR operation is being evaluated using a dual beam ion bombardment technique. The dual beams consist of a heavy ion beam, e.g., Ni+++ which produces damage similar to that from high energy neutrons and light ions, e.g., He+ which simulates the no production during neutron irradiation. A 2 MeV tandem accelerator with a sputter ion source produces the heavy ions. A 2 MeV Van der Graff produces the helium ions. A degrader foil in conjenction with a detector is used to obtain the proper helium energy to match the damage range of the heavy ions. The radiation induced microstructural changes are subsequently evaluated using transmission electron microscopy. Results have shown that in molybdenum at temperatures up to 1475 K, simultaneous injection of helium with the heavy ion had a small effect on the microstructure but no effect on the void swelling. In a Nb-lZr alloy, radiation did enhance internal oxide nucleation at elevated temperature. If the alloy was internally oxidized prior to irradiation, the resulting microstructural damage from the irradiation revealed much less void swelling.
Summary
Radiation damage to first wall materials during CTR operation is being evaluated using a dual beam ion bombardment technique. The dual beams consist of a heavy ion beam, e.g., Ni+++ which produces damage similar to that from high energy neutrons and light ions, e.g., He+ which simulates the no production during neutron irradiation. A 2 MeV tandem accelerator with a sputter ion source produces the heavy ions. A 2 MeV Van der Graff produces the helium ions. A degrader foil in conjenction with a detector is used to obtain the proper helium energy to match the damage range of the heavy ions. The radiation induced microstructural changes are subsequently evaluated using transmission electron microscopy. Results have shown that in molybdenum at temperatures up to 1475 K, simultaneous injection of helium with the heavy ion had a small effect on the microstructure but no effect on the void swelling. In a Nb-lZr alloy, radiation did enhance internal oxide nucleation at elevated temperature. If the alloy was internally oxidized prior to irradiation, the resulting microstructural damage from the irradiation revealed much less void swelling.
Intoduction
Basic radiation damage mechanisms in materials can be conveniently studied through the use of ion bombardment techniques. In particular, radiation damage similar to that expected in the first wall of a fusion reactor can be simulated to a reasonable degree in a dual ion accelerator system. In a dual ion system, heavy ions, e.g., N++ simulate the neutron damage and He+ ions simulate the helium generated by q,a reactions in a reactor. Because of the much higher dose rate from heavy ions compared to neutrons, high damage levels can be achieved in a very short time. In addition, experimental parameters are easily controlled, there is no induced radioactivity and costs are much less compared to reactor experiments. The main and limiting drawback to the ion bombardment technique is the small depth of radiation damage, typically extending only 1-2 uim from the surface. As a result, only transmission electron microscopy (TEM) has been used to study the radiation damage.
Radiation damage studies using accelerator techniques are underway at Pacific Northwest Laboratory (PNL) and this report summarizes some of the recent studies. A brief description of the dual ion accelerator facility is first presented. This is followed by a brief summary of some recent studies on refractory metals. These The amount of helium was experimentally determined through the analysis of the size and density of gas bubbles observed in helium bombarded molybdenum. Assuming the gas bubbles to be filled with an equilibrium amount of gas, the amount of helium was calculated from microstructures taken from different depths in the bombarded region. The amount of helium was then plotted as a function of depth. Simultaneous helium injection resulted in a smaller void size and higher void density after high dose levels at 1270 K compared to no helium injection, Figure 3a and 3b. Apparently, the helium is promoting void nucleation to higher dose levels than would normally occur in the absence of helium. There is, however, little effect of the helium on the void volume fraction (swelling) or swelling rate since the higher void density is compensated by the smaller void size, Figure 4a , 4b.
The line drawn in Figure 4 actually represents the dose dependence of swelling for fission neutron irradiated molybdenum in the temperature range 870-1070 K but reasonably represents the swelling rate in the ion bombarded molybdenum. A temperature shift, i.e. 1270 to 1070, however, has been found necessary when comparing ion and neutron irradiation data due to the large difference in dose rate. The swelling does tend to level off at high doses in the case of ion irradiation. If neutron data extended to such high levels, a similar phenomenon might be observed.
The temperature dependence of swelling was little affected by the presence of helium, Figure 5 . The large scatter in the data could hide some subtle differences. However, large differences in void size and size distribution were noted at the highest temperature D40 DOSE (dpa) of 1470 K. In specimens with no helium, the voids were reasonably homogeneous in size and size distribution.
In specimens containing helium, the void distribution was very heterogeneous in that clusters of small voids were interspersed among a low density of large voids. These observations suggest that more significant helium effects could be observed at still higher temperatures.
An inherently high void nucleation rate in molybdenum has been put forth as the principle reason for a lack of a strong helium effect. The high void density is the main sink for both the irradiation produced vacancies and interstitials, so little void growth can occur. Similar conclusions have been reached in other studies on iron and nickel base alloys.3 Namely, in those alloys that showed high void nucleation in the absence of helium, the swelling was little affected by simultaneous helium injection.
Ion Bombardment of Nb-Zr Alloy
The influence of small precipitates on the damage microstructure in a refractory alloy was the principle objective of this study. Nb-Zr alloys can be internnally oxidized so as to form a fine dispersion of ZrO2 in the matrix. A comparison of the damage microstructure both with and without prior internal oxidation was therefore made. Bombardment of specimens with no prior internal oxidation produced an inhomogeneous complex structure of dislocations, precipitates and voids, Figure 6a . The irradiation induced precipitates were identified as ZrO2. The precipitates were attached to voids in many cases but it was not possible to determine which feature nucleated first. The void volume fraction increased with temperature, then leveled off in contrast to the swelling peak observed in the previous study.
Bombardment of the internally oxidized Nb-lZr produced quite different structures. A dense dislocation network developed at the lower irradiation temperature, Figure 6b . Voids were only observed at the highest irradiation temperature, 1170 K. As a consequence, the swelling was much less than in the unoxidized specimens. Some particle coarsening was also noted at 1170 K.
A model based on the radiation enhanced diffusion of zirconium in the alloy can explain the precipitate formation in the unoxidized alloys. To account for the amount of precipitation, however, some oxygen must have been picked up during the irradiation. The presence of these radiation induced precipitates demonstrates that phase stability in even simple alloys can be a complicating factor in understanding radiation damage mechanisms. Figure 6 . Microstructure of NB-lZr alloy bombarded with 5 meV Ni+++ ions at 1170 K to 15 dpa (a) no pre-internal oxidation (b) internally oxidized at 1000 K for 32 hours walls has been described. Experiments on molybdenum have shown that co-implanted helium can alter the internal void microstructure during heavy ion irradiation but does not appreciably change the total swelling. Heavy ion irradition of a Nb-l Zr alloy have shown that irradiation can induce precipitate formation and that existing precipitates can influence the damage microstructure.
